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An enhanced understanding of the effects of more frequent freeze-thaw events on soil properties and processes is essential as climate change is predicted to lead to more unstable winters with an increase in freezing and thawing events (Kvaenø and Øygarden, 2006) . However, studying soil freezing processes in the field is difficult and time consuming. Numerous laboratory methods have been used to explore soil freezing and thawing cycles, but there has been little consensus on the effects of soil freezing and thawing, largely due to differences among the methodologies employed during the experiments (Henry, 2007) .
According to Henry (2007) , there are several common weaknesses that are prevalent across freeze-thaw experiments, which diminish their accuracy in replicating naturally occurring freeze-thaw cycles. First, in many laboratory experiments, the amplitudes of freeze-thaw manipulations generally have not been relevant to the freeze-thaw cycles experienced by soils in the field. Second, large temperature manipulations combined with small soil volumes, which equilibrate rapidly with ambient air temperatures, expose the subsurface layers to unrealistically high rates of temperature change and large temperature fluctuations. Third, rapid freezing rates promote the formation of relatively small ice crystals, which may minimize the physical disruption of soil aggregates and alter microorganism activity. Finally, laboratory experiments often focus on either frozen or thawed soils; however, uniform temperatures throughout the soil profile do not mimic temperature gradients found in the field, which can S affect water movement, microbial activity, and nutrient dynamics within the soil.
In order to better assess the effects of freeze-thaw cycles on soil physical properties, water and pollutant transport, and microbial activity, there exists a need to generate a natural soil temperature profile under freeze-thaw conditions using an improved laboratory method. The objective of this research was to develop an inexpensive and simple experimental system that was capable of reproducing a soil temperature profile similar to that found in the field during freeze-thaw conditions.
MATERIALS AND METHODS
The experimental system developed in this study consisted of a 61-cm wide by 61-cm long by 61-cm deep insulated bin containing four 15-cm diameter lysimeters encased in sand. An electric resistance heating cable was buried in the sand at the bottom of the bin. The filled bins were moved into a walk-in freezer and subjected to air temperatures that replicated freeze-thaw temperatures (-10°C to 15°C) in central Pennsylvania. The heating cable created an upward heat flux throughout the freeze-thaw cycle, which simulated heat flux through soil under field conditions.
Twenty-four undisturbed soil cores from the Pennsylvania State University's Russell E. Larson Agricultural Research Center (40°42'36 N, 77°57'55 W) were collected in February 2009. The soil at the site was Hagerstown silt loam (Fine, mixed, semiactive, mesic Typic Hapludalfs) and the surface was covered with corn residue at the time of collection. Each core was collected by driving a 15-cm diameter by 50-cm long schedule 80 polyvinylchloride (PVC) pipe into the soil between two rows of corn stubble with a 1.1-Mg drop hammer until the soil surface was within approximately 3 to 4 cm of the top of the lysimeter. The lysimeters were excavated by hand, with care being taken to remove each lysimeter free from the underlying soil and allowing the soil to separate along its natural planes. Sufficient soil and rock material were removed to make the soil core flush with the bottom edge of the lysimeter. In a few cases the soil broke off into the end of the lysimeter, leaving a void of 0.25-to 0.5-cm depth. The voids were filled with washed, kiln-dried sand. Nylon geotextile was glued to a 15-cm diameter perforated PVC sheet, which was attached with silicone to the bottom of each lysimeter in order to prevent the loss of sand or soil material. A 15-cm diameter, schedule 40 PVC end cap was pushed over the perforated PVC sheet and silicone was placed around the top edge of the end cap in order to ensure a water-tight seal between the cap and the lysimeter. The PVC end cap contained a tapped 1.25-cm diameter hole to which a leachate collection system was attached.
The lysimeters were randomly divided into six groups of four and each group was placed in a pre-constructed 61-cm wide by 61-cm long by 61-cm deep steel bin ( fig. 1a ). Each steel bin had a 2-cm thick perforated plywood bottom with extruded polystyrene insulation (7.5-cm thick, R value: 15) on top of the plywood. The walls of the bin were also encased with insulation (2.5-cm thick, R value: 5) that extended 15 cm above the top of the bin ( fig. 1a) . The heat source consisted of a 6-m long, commercially-available heating cable (Orbit Radiant Heating, Perkasie, Pa.), placed in two layers, 2.5 and 7.6 cm, above the insulation on the bottom of each bin (figs. 1b and 1c). One lysimeter from each bin was fitted with four Type T thermocouples (Culik et al., 1982) at 5-, 10-, 20-, and 30-cm depths below the soil surface. The thermocouples were inserted into the sides of the lysimeters and positioned approximately in the center of the soil core. Masonry sand was carefully added and packed over the heating cable and around the lysimeters. A thermistor was placed 7.6 cm above the bottom insulation and was used to monitor the sand temperature adjacent to the heating cable. Additional sand was added until the bin was full. The sand not only functioned as a means to support the lysimeters, but also served as insulation surrounding the lysimeters (fig. 1c) . Sand was chosen because it was inexpensive, easy to obtain, and easy to work with. The thermocouples, thermistor, and an electronic relay that controlled the heating cable were connected to a Campbell Scientific CR10X datalogger, which was programmed to maintain a set temperature at the thermistor by turning the heating cable on and off. An additional thermistor was placed inside the datalogger case to serve as a reference temperature for the thermocouples. A water depth of 2.54 cm was added to the lysimeter-bin assemblies, which then were permitted to drain freely, resulting in field capacity moisture conditions at the start of the test. Water was not added to the sand; however, it was damp due to being stored outside under a tarp. The bins were placed on custom-built carts, pushed into a large walk-in freezer (Leer ICE Merchandisers, New Lisbon, Wis.), and were subjected to a series of three freeze-thaw cycles over a period of nine days. The temperatures and duration of the cycles were based on the 100-year average temperatures during the month of January in central Pennsylvania. In order to test the experimental system over a range of subsurface soil temperatures, the heating cable in each of the six bins was set to a different temperature, ranging from 0 to 5°C at 1°C intervals. The heating cable temperatures were representative of winter soil temperatures at a 40-cm depth typically observed in the central Pennsylvania region. Soil temperature measurements were recorded every five minutes and were averaged on an hourly basis.
The freezer used in this study required manual adjustment to attain desired temperatures. The temperature-duration combinations for each experimental temperature cycle were predetermined and the freezer thermostat was adjusted accordingly. In the first freeze-thaw cycle, the temperature of the freezer was set to 5°C for 24 h, and then lowered to -5°C for 24 h, followed by -8°C for 10 h. Subsequently, the power to the freezer was turned off, allowing the temperature inside of the freezer to slowly rise to 7°C over a 48 h period. In the second freeze-thaw cycle, the freezer temperature was adjusted to -8°C for 48 h, and then the power was again turned off for 10 h, allowing the air temperature to rise to 5°C. The third freeze-thaw cycle was similar to the second, but the freezer temperature was lowered to -8°C for only 14 h, followed by a 10-h thaw in which the air temperature inside the freezer reached 15°C.
A comparison was made between the soil temperatures from the experimental system and the temperatures from a field monitoring site located at the Russell E. Larson Agricultural Research Center, 250 m from the field where the lysimeters were collected. The soil at the field site was also Hagerstown silt loam and the surface at the site was covered with corn residue. Air temperature and soil temperatures at 10-and 40-cm depths were recorded with a datalogger every ten minutes over the entire 2008-2009 winter. A single freeze-thaw cycle with air temperatures similar in magnitude to the preset freezer temperatures was selected as a means for comparison.
The freezing and thawing rates for a given depth and phase were calculated by determining the difference between the final and initial soil temperatures and dividing by the length of time of the phase. The rates for each of the three cycles were then averaged to produce a single rate for both the cooling and warming phases. The vertical temperature gradient was calculated by taking the difference in temperature between two soil depths and dividing by the vertical distance between the measurements. Due to the relatively small size of the lysimeters and bins used in this study, horizontal heat flux was assumed to be negligible and was not measured.
RESULTS AND DISCUSSION
Observed hourly changes in the air temperature and soil temperatures at 5-, 10-, 20-, 30-, and 40-cm depths for the 5°C, 2°C, and 0°C treatments during the three freeze-thaw cycles are presented in figure 2 . The minor oscillations in the air temperature were a result of the thermostat actions of the freezer and have been observed in other laboratory studies (Johnsson et al., 1995; Hu et al., 2006) . The temperature settings chosen for the freeze-thaw cycles were intended to mimic changes in air temperature that would typically occur in the field; however, the laboratory changes in air temperature were step-changes rather than the gradual change typical of a natural diurnal cycle.
During the cooling phase of the freeze-thaw cycles, at the 10-cm depth, the 5°C, 2°C, and 0°C treatments experienced average temperature change rates of -0.13, -0.09, and -0.06°C h -1 , respectively. At the 40-cm depth, changes of -0.04, -0.02, and -0.02°C h -1 were recorded. During the warming phase of the freeze-thaw cycles, at a depth of 10-cm, the treatments exhibited average temperature changes of 0.11, 0.06 and 0.04°C h -1 , respectively, while at a depth of 40-cm, changes of 0.02, 0.03 and 0.02°C h -1 were seen.
One possible solution to the problem of sharp changes in temperature inside the freezer is the installation and use of a programmable thermostat, which would allow for gradual air temperature changes over specified periods of time. In addition to differences seen between the freezer and field during the cooling cycle, differences in process were observed in the warming cycle. Solar radiation, which was absent from the inside of the freezer, plays a large role in the heating of the soil surface. In order to reproduce a more natural soil thawing, overhead radiant heaters could be used in future laboratory experiments to warm the soil surface and the air inside the freezer.
Air temperatures and soil temperatures at 10-and 40-cm depths were plotted for the experimental system and field monitoring site for a four-day period during which low and high temperatures were similar (figs. 3a and 3b). The soil temperature at the 40-cm depth for the field site was equivalent to the soil temperature at the same depth for the 2°C treatment of the experimental system; therefore, the data from the 2°C treatment provided the best means for comparison. For the field site, average temperature change rates of -0.08 and -0.01°C h -1 at the 10-and 40-cm depths, respectively, were recorded during the cooling phase of the freeze-thaw cycle. During the warming phase of the freeze-thaw cycle, average temperature changes rates were 0.09 and 0.01°C h -1 at 10-and 40-cm depths, respectively. Although the 2°C treatment was subjected to a slower increase and a more rapid decrease in air temperature than the soil profile exposed to natural conditions ( fig. 3a) , the average temperature changes at the 10 and 40-cm depths exhibited similar behaviors ( fig. 3b) . In both instances, the absolute values of the soil temperature changes during the cooling and warming phases were approximately the same, which suggests that the soil warmed and cooled, and froze and thawed at corresponding rates.
The temperature change rates (°C h -1 ) for the 2°C treatment were also greater closer to the soil surface (10 cm) compared to the rates deeper in the soil profile (40 cm), which demonstrates the general dampening of subsurface soil temperature fluctuations relative to air temperature changes. Consistent with field conditions, the soil temperatures of the 2°C treatment exhibited characteristics similar to that of a sinusoidal function whose amplitude decreases with depth and is phase-shifted by an amount that increases with depth.
The vertical temperature gradient in the soil profile during the freeze-thaw cycles was also affected by the temperature of the heating cable in the experimental system. An increase in the heating cable temperature produced a larger vertical temperature gradient in the soil profile. The 5°C, 2°C, and 0°C treatments experienced an average vertical temperature gradient between 10 and 40 cm of 0.12°C, 0.08°C, and 0.03°C cm -1 , respectively. Similar to the 2°C treatment, a vertical temperature gradient of 0.07°C cm -1 between 10 and 40-cm depths was observed in the field at the Russell E. Larson Agricultural Research Center (fig. 3c) .
The use of PVC lysimeters to collect undisturbed soil cores provided a way to study processes that occur throughout the soil profile in a laboratory setting. However, removing the soil from its natural environment and encasing it with thermally foreign materials subtly altered the results compared to those observed in the field. The amplitude of the soil temperature response to changes in air temperature in both the lab and field was similar; however, the soil temperatures observed in the experimental system were more sensitive to changes in air temperature ( fig. 3b) . The thermal conductivities of the soil, sand, and PVC all affected, to some extent, the amount of heat and energy that was conveyed through the system. Although the thermal properties for the sand were not identical to the properties of the silt loam soil, the thermal conductivities were similar under the simulated conditions (Nakshabandi and Kohnke, 1965) . The more rapid and slightly greater soil temperature response observed in the laboratory system was likely an induced experimental artifact created through the use of PVC as the lysimeter casing material. The thermal conductivity of PVC is approximately an order of magnitude greater than that of sand or silt loam soil. The influence of the higher thermal conductivity of the PVC on soil temperature can be most clearly seen in the increased soil temperature amplitude at the 40-cm depth for the experimental system compared to the field condition ( fig. 3b ). Another point of difference between the experimental system and the field is the lack of a connection between the soil core and the soil that would typically be present below the core. During frost formation in soil, moisture is typically drawn from deeper unfrozen soil upward toward the freezing front (Pikul et al., 1996) . Convection of latent heat by this process is limited in the experimental system by the finite reservoir of moisture within the soil core at the time of conditioning. Presently, the PVC end cap is designed to collect leachate and interferes with possible use of a wick to provide a path for upward moisture movement from a water supply positioned below the soil core. The details surrounding the convection of latent heat provide an opportunity to further refine the experimental system.
The observed soil temperature changes and vertical temperature gradient that were produced by the experimental system were unique to the environmental conditions created in this study. The system was designed to control the upper and lower boundary conditions (air temperature and soil temperature at a depth of 40 cm, respectively) and the resulting temperature gradient for a given set of air and soil temperatures (40-cm depth) will depend not only on the thermal conductivity of the soil, but also the soil moisture and porosity. However, when environmental conditions are replicated within the experimental system, which are consistent with the field, a comparison between the system and the field shows that the system was able to produce a similar temperature gradient and profile during freeze-thaw conditions. The presence of a vertical temperature gradient created by the heating cable and the ability to minimize large fluctuations in subsurface soil temperature addresses several of the common methodological weaknesses in previous laboratory experiments observed by Henry (2007) .
CONCLUSION
An experimental soil thermal cycling system was designed to simulate a natural soil temperature profile during freeze-thaw cycles. The system consisted of an insulated bin containing PVC lysimeters encased in sand. A commercially-available heating cable located in the bottom of the sand mass was adjusted to different temperatures to create an upward heat flux, which replicated field conditions. While it is difficult to directly compare laboratory soil temperatures with field results, as solar radiation and snow cover play an important role in the magnitude of soil temperature response, the experimental system was able to reproduce a vertical temperature profile and minimize large fluctuations in the subsurface soil temperature. The ability of the system to recreate natural freeze-thaw conditions in a laboratory setting provides an enhanced opportunity to study the effects of more frequent freeze-thaw events. Also, having the capability to adjust the temperature of the heating cable provides the potential to recreate various freeze-thaw conditions depending on location and time of the year, and assess the influence on soil physical properties and processes in future research applications. Recommendations for improvements to the system include the use of radiant overhead heaters to warm the lysimeter surface and a programmable freezer thermostat to allow closer control of the freeze-thaw cycles.
